In this study, a microcosm experiment is set up to investigate the die-off response of Enterococci to the range of environmental conditions in Hong Kong. Four local strains of Enterococcus faecium and Enterococcus faecalis were selected from wastewater samples from three representative sewage treatment plants in Hong Kong. Their die-off rates under different combinations of light intensity, salinity, nutrient and temperature were determined from the rate of change of Enterococci concentration. The relative influence and interaction of the four factors were studied with 3D response surface analysis. It is observed that 1) Light intensity is the primary factor governing the elimination of Enterococci; 2) Enterococci has high tolerant to salinity at low light intensity, but its tolerance reduces significantly with the increase of light intensity; 3) Nutrient does not enhance the survival of Enterococci cells under light condition; 4) The die-off response of Enterococci to temperature follows a sag curve. Based on the results, a die-off equation is constructed for Enterococci, which will be useful for future water quality management.
Introduction
The transmission of waterborne disease is a matter of concern in public health. While it is impossible to measure every pathogen in waters, a surrogate that is easily measurable and can accurately indicate the health risk is necessary. Among numerous indicator bacteria, Enterococci is recommended by the US Environmental Protection Association (USEPA), World Health Organisation (WHO) and the European Union (EU) for marine beach water quality management because of its persistency in saline waters and strong correlation with waterborne diseases. Despite being widely utilized across North America and Europe, the use of Enterococci is still in embryonic stage in Hong Kong. One hurdle is that little is known about the die-off response of the local species especially in the environmental condition of subtropical waters. It is therefore essential to conduct a local investigation tailored for the complex and dynamic marine environment of Hong Kong.
Enterococcus is a genus of Gram-positive bacteria currently containing 43 species. Among them, E. faecium and E. faecalis are the most relevant to faecal pollution because they are ubiquitously present in the faeces of humans and all other warm-blooded animals. Previous studies [1, 2] show that the variability of bacteria die-off rates in sea water can be primarily attributed to the variability of the radiation intensity. It has also been shown that the die-off of enteric bacteria depend not only on individual single environmental factor, but on the combination of factors in an apparently paradoxical way. If an enteric bacteria population is submitted to an initial stress, resistance to a second successive stress will be reduced [1] . Taking into account published studies, we identified four major factors (sunlight intensity, temperature, salinity and nutrient) that are most relevant to Enterococci die-off in our marine environment. The overall objective of this study was to specify the representative genotypes of Enterococci in Hong Kong and study their die-off response subject to different factors of the marine environment in Hong Kong.
Materials and Methods

Isolation of model strains
Enterococci seed from sewage samples. To ensure the Enterococci used in this experiment is a representative genotype in Hong Kong, Enterococci seed populations were obtained from sewage samples from three sewage treatment works in Hong Kong (Sha Tin, Stonecutters Island and San Wai Sewage Treatment Works). The three treatment works give a large geographic coverage from the eastern to the western Hong Kong, and covers different treatment levels including preliminary screening, chemical enhanced primary treatment with chlorination, and secondary treatment with UV disinfections. Water samples are collected before treatment, after treatment but before disinfection, and after disinfection (Table 1 ). Five replicates of 1 litre samples were collected from each sampling point and were transported to the lab in dark in autoclaved polycarbonate bottles. For each sampling point, 100 Enterococci isolates were obtained after the enumeration of the standard USEPA 1600 membrane filtration method [3] . Confirmation, Identification and Strain selection. To confirm the isolates obtained are true Enterococci (due to false positive, ≈6% in the USEPA test, or when neighbouring non-enterococci are picked up from the Petri dish), a PCR test [4] is performed. The test also identified the Enterococci down to the species level so that E. faecium and E. faecalis can be isolated. The E. faecium and E. faecalis isolates were further classified into different strains using the (GTG) 5 -PCR fingerprinting technique [5] . Isolates sharing over 78% similarity in DNA fingerprint profiles are regarded as belonging to the same strain type. Based on the occurrence frequency of each genotype, the two most common strains for each of E. faecium and E. faecalis were selected according to the two criteria: 1) Occur in the influent samples of all three STWs. 2) Persist through the treatment processes and appear in the effluent samples. (Fig. 1 ) Isolates of the selected strains were incubated in nutrient rich media at 37°C as the seed population for the microcosm experiment. Mixtures of the four strains in 1:1:1:1 equal proportions were introduced when doing the experiments. 
Microcosm experiment conditions
Parameter range. Water temperature, salinity and nutrient reported by the Environmental Protection Department for the 41 gazette beaches and their nearby marine and river monitoring stations were used as reference for the parameter range. BOD 5 was used as a proxy of nutrient levels. For solar-radiation, reference is made to the Hong Kong Observatory record. In addition, the solar spectrum follows the ASTM Global Solar Spectrum standard generated by the software SMARTS version 2.9.5. Table 2 summaries the parameter range. Central composite experimental design. As it is impossible to carry out the experiment for every combination of parameters, a systematic experimental designed is necessary. Since non-linear response is expected for sum of the parameters, a second-order central composite design (CCD) is employed. The standard second-order CCD consists of a two-level fractional factorial (cube points) augmented with further points (center and axial points) which allow quadratic effects to be estimated [6] (Fig. 2) . CCD is an optimal design for a required response function. It provides the most information on experiment variable effects with least bias to any particular data set, thus significantly reduce the number of required runs. Readers interested in the principle of CCD may refer to the text books by Box and Draper [6] . (CCD) . ▲ center point. ■ cube points.
• axial points. ○ additional axial point. Table 3 shows the 27 design conditions required in our 4 factors, second-order CCD. Duplicate was done for each experimental condition to provide the information for repeatability and lack-of fit test. Levels of factors are listed in Table 2 . The 27 runs were grouped into three blocks such that experiments of same temperature and light intensity are performed together. In each block, an additional control experiment at temperature = 22.5°C, salinity = 0 psu, nutrient = 0% and solar radiation = 0% was carried out. The control experiment is also used for the determination of basal reference die-off rate for Enterococci. To visualize the Enterococci die-off response to individual environmental factor, an additional experimental block at ±1 axial point (Fig. 2) was added. However, this block will not enter the calculation of the response function as this will affect the data structure of the CCD.
Table 3
Results of the Enterococci die-off rates in varying experimental conditions. Equipment. The setup for the microcosm experiment consisted of a water tank, a temperature controller and a sunlight simulator (Fig. 3) . The water bath, together with the beaker and stir plates, encased in a dark-chamber with a sunlight simulator fitted with a Philips MSR 575 Hot Restrike (HR) lamp. The lamp emits a light spectrum with power distribution similar to the local solar irradiation. Salinity was adjusted using artificial seawater. The artificial seawater was filtered through a 0.2 µm membrane filter paper, autoclaved at 120°C for 30min and diluted to the target value before adding to the beaker in the microcosm experiments. Similarly, autoclaved Tryptone Soya Broth (TSB) solution with known BOD 5 concentration was used to control the nutrient levels. The water bath was connected to a circulating thermal controller to maintain a constant water temperature throughout the experiment. To provide mild agitation to the water inside the beakers, the water bath was rest on multiple magnetic stir plates and each beaker was receiving one magnetic stir bar. Before the experiment began, all parameters are measured in order to ensure the desired experimental condition was attained.
Results and Discussion
Determination of die-off rate constant
Under the Chick's Law, C t = C 0 e -kt , bacterial populations are assumed to display a log-linear die-off. However, as noted by Mancini [7] , the die-off of enteric bacteria can be multiple-phased. For example, bacteria may first display a stationery or even growth phase prior to the die-off phase. In the cases of multiple-phased die-off, Mancini [7] estimated the die-off rate using data of the rapid die-off phase only.
Geeraerd et al. [8] developed the Geeraerd and Van Impe Inactivation Model Fitting Tool (GInaFiT) Excel add-in to estimate die-off rates in multiple-phased population decay. For log-linear die-off with shoulder, the dieoff curve is given by 
Fig. 3 Schematics of the Experimental setup.
where k is the die-off rate, R is an additional parameter that determines the shoulder length. When R(0)=0, the equations reduces to the original Chick's Law. In this study, Enterococci counts were taken in 15-30min intervals until 3-4 log die-off was achieved. The die-off rate (k, h -1 ) is than estimated by curve fitting using GInaFiT.
The role of the environmental factors and response surface analysis
The basal die-off rate of Enterococci at 22.5°C, 0 psu salinity, 0% nutrient and complete darkness is estimated to be 0.05-0.06h -1 . It is interesting to note that with the addition of nutrient (set S5, salinity = 17.5 psu), the die-off rate obtained was -0.07h -1 . This shows that with nutrient supply Enterococci can grow even in saline water. Similar effect of nutrient on Enterococci growth has been noted by Jannasch [11] .
Light is observed as the most dominating factor affecting Enterococci die-off. Fig. 4 shows the die-off response of Enterococci to the four individual factors along the axial points. The die-off rate increase from around zero to the highest value of 10.94 when light intensity increase from 0 to 1000W/m 2 . The die-off response is much gentler for the other factors. In particular, an almost horizontal line is obtained for the nutrient parameter. This is different from what previously observed for set S5. It is possible that the nutrient effect is disabled under higher light intensity. While the presence nutrient may promote the growth of growing cells in darkness, it may not necessary enhance the survival of non-growing/dying cells, which may not be capable to grow using nutrient in the presence of light.
For salinity, we know that when released into saline water, Enterococci are subjected to an immediate osmotic shock, and their ability to overcome this by means of osmoregulation could largely influence their subsequent survival in the marine environment. As noted by other researchers [1, 9] , the osmoregulation of enteric bacteria could be impaired by the presence of light. This is clearly shown in the response surface plot of light and salinity in our experiment (Fig. 5a ). While Enterococci has high tolerant to salinity at low light intensity, its tolerance reduces significantly with the increase in light intensity.
Among the four factors, the effect on temperature on Enterococci is the least trivial. While it is known that the temperature for optimal growth of Enterococci is around 41°C (temperature used for incubation), the optimal temperature for survival is not necessarily the same. A number of studies [9, 10] show higher bacteria survival rate at lower temperature. In our experiment, a sag curve is obtained (Fig. 4) . It is also observed that the optimal temperature is not constant. Higher optimal temperature occur at lower light intensity, as the light intensity increase, the optimal temperature for survival shift lower (Fig. 5b) . The exact reason for this remains unknown and requires further investigations. Based on the experimental results, a second-order die-off response relationship is obtained using Minitab 16. Parabolic relationship is assumed for temperature and light, while linear response is assumed for salinity and nutrient based on our observations (Fig. 4) . The interaction term is also included for all four parameters. Eq. (3) is the response function with all the parameters standardised in the range of [0, 1] k = 1.51 + 11.84I 2 + 3.57T 2 -7.71I -4.57T + 1.49S + 0.24N + 6.02IT + 2.58IS + 2.07IN -1.39TS -0.22TN -1.64NS
As observed in Eq. (3), light is the most dominating factor with temperature and salinity being the second and the third. While the effect of nutrient term alone is relatively small, its interactive terms with light and salinity are not negligible. Moreover, light seems to have interaction with all the other three parameters. 
Concluding Remarks
In water quality management, it is essential to understand the die can forecast their fate and transportation and that for the pathogen they are representing. In this study, a microcosm experiment is set up to investigate the die four key environmental factors (light, temperature, salinity an found to be the primary factor affecting the elimination of temperature, salinity and nutrient in governing the die shows high tolerance to salinity in dark condition, but this tolerance is reduced as light intensity increases. Based on the experimental results, a second knowledge gap on bacteria survival and it paves the way towards forecasting the fate and transport of environmental pollutants. In the next step, field studies will be carried out to apply and investigate the die relationship in the more complicated field
